The lanthanide-chlorine bond length, R e , and the frequency of the symmetric stretching mode, a 1g , of the (LnCl 6 ) 3Ϫ octahedral defect clusters embedded in Cs 2 NaYCl 6 have been calculated for all 14 Ce 3ϩ to Lu 3ϩ impurities in their ground 4 f n electronic state using wave-function-based ab initio methods of solid state quantum chemistry which include relativistic effects and electron correlation within the (LnCl 6 ) 3Ϫ defect clusters and quantum mechanical interactions between the (LnCl 6 ) 3Ϫ electronic group and the Cs 2 NaYCl 6 embedding host ions. The bond distance values obtained provide useful data to improve the Judd-Morrison model of the 4 f →5d energy separation by explicitly including the local distortions the Ln 3ϩ ions produce in the Cs 2 NaYCl 6 host. The values of the structural parameters R e and a 1g , and their variation across the series have also been studied using simpler models of the embedding host ͑in vacuo and Madelung embeddings͒, which has revealed that host effects, particularly those associated with quantum mechanical interactions, strengthen the Ln-Cl bond ͑decreasing the bond distances and increasing the frequencies of the symmetric bond stretch͒ and are smaller towards the right end of the series. Electron correlation within the (LnCl 6 ) 3Ϫ clusters also reduces the bond distance values, but this reduction increases going right from Ce to Lu; its effects on the frequencies of the symmetric stretching mode are negligible. The comparison of the theoretical results with the few available experiments is very satisfactory.
The lanthanide-chlorine bond length, R e , and the frequency of the symmetric stretching mode, a 1g , of the (LnCl 6 ) 3Ϫ octahedral defect clusters embedded in Cs 2 NaYCl 6 have been calculated for all 14 Ce 3ϩ to Lu 3ϩ impurities in their ground 4 f n electronic state using wave-function-based ab initio methods of solid state quantum chemistry which include relativistic effects and electron correlation within the (LnCl 6 ) 3Ϫ defect clusters and quantum mechanical interactions between the (LnCl 6 ) 3Ϫ electronic group and the Cs 2 NaYCl 6 embedding host ions. The bond distance values obtained provide useful data to improve the Judd-Morrison model of the 4 f →5d energy separation by explicitly including the local distortions the Ln 3ϩ ions produce in the Cs 2 NaYCl 6 host. The values of the structural parameters R e and a 1g , and their variation across the series have also been studied using simpler models of the embedding host ͑in vacuo and Madelung embeddings͒, which has revealed that host effects, particularly those associated with quantum mechanical interactions, strengthen the Ln-Cl bond ͑decreasing the bond distances and increasing the frequencies of the symmetric bond stretch͒ and are smaller towards the right end of the series. Electron correlation within the (LnCl 6 ) 3Ϫ clusters also reduces the bond distance values, but this reduction increases going right from Ce to Lu; its effects on the frequencies of the symmetric stretching mode are negligible 
I. INTRODUCTION
Very little quantitative information is available on the local geometry of lanthanide ͑Ln͒ and actinide ͑An͒ impurities in solids, in spite of the fact that their electronic transitions are known to depend on their structural parameters through large powers ͓typically Ϫ5, Ϫ6 powers of the Ln ͑An͒-ligand bond lengths͔. [1] [2] [3] As a consequence of this lack of structural information and together with the fact that the band shapes depend on the square of the bond length offsets between the initial and final electronic states, but not on their sign, it has been widely accepted that the bond distances in Ln and An doped crystals are larger in the f nϪ1 d 1 energy levels than in the case of the f n configuration, 4 -7 even when this idea has been neither confirmed nor rejected from experiments. On the contrary, it has been contradicted by a number of solid state quantum chemistry works on Ln and An ions in halide crystals [8] [9] [10] [11] and has been specifically adressed and interpreted using quantum chemistry methods for the analysis of the bonding in Ref. 12 .
A good example of the imbalanced spectroscopic and structural information available can be found in the series of Ln 3ϩ -doped (LnϭCe to Lu͒ crystals, which have been considered interesting model systems where the Ln 3ϩ ions occupy perfect octahedral sites substituting for Y 3ϩ cations. Their electronic structure has been extensively studied for decades using spectroscopic techniques ͑some representative works can be found in Refs. 13-19͒ . However, no reports on direct experimental measurements of the Ln-Cl bond lengths is available, to our knowledge, even though the expected lanthanide bond length contraction across the series should have an impact on the actual local distortions of the host and on the spectroscopic properties associated with the impurities.
In this context, it has been pointed out the need for structural data in order to enforce the capabilities of predictive classical models for Ln 3ϩ -doped crystals. 20 In effect, it has been recently concluded by Bettinelli Author to whom correspondence should be addressed. Electronic mail: zoila.barandiaran@uam.es independent. They have also stressed, as an important conclusion of their work, the need to refine the model in order to use it to predict the energy positions of the 5d levels of Ln 3ϩ ions in a wide type of materials. 20 In particular, they have suggested that improvements to the Judd-Morrison model could come from the inclusion of the effects on S of the actual local distortion induced by the Ln 3ϩ impurity. However, this distortion could be difficult to evaluate from an experimental point of view, as it would require EXAFS measurements, which demand the use of synchrotron radiation facilities not readily available for all experimenters. 20 The required lanthanide-ligand distances R i can be obtained directly from quantum chemical calculations on the Ln 3ϩ defects in a particular host crystal, as it has been recently demonstrated, [8] [9] [10] and, therefore, an important objective of this paper is to calculate the equilibrium geometry of the electronic ground state of the Cs 2 NaYCl 6 :(LnCl 6 ) 3Ϫ embedded clusters. This alternative, apart from providing the local structure parameters ͑i.e., bond lengths and symmetric bond stretching vibrational frequencies͒, and their variation across the lanthanide series, could enable an interesting combination of the Judd-Morrison model with ab initio embedded cluster models of quantum chemistry. 23, 24 In this work we have used the ab initio model potential ͑AIMP͒ embedded cluster method 23, 24 
II. DETAILS OF THE CALCULATIONS
The interest of this paper is focused on the calculation of the potential energy surface of the electronic ground states of Ln 3ϩ -doped Cs 2 NaYCl 6 (LnϭCe to Lu͒ which are localized around the Ln 3ϩ impurities. These impurities substitute for some of the Y 3ϩ ions in an O h site with a first coordination shell of six Cl Ϫ ions, whose positions become directly affected by the substitution. The local ground states depend on all the electronic interactions within Ln 3ϩ and on the bonding interactions between Ln 3ϩ and the six Cl Ϫ ions, but they also depend notably on the interactions between the (LnCl 6 ) 3Ϫ cluster and the rest of the host. In consequence, a method is needed which reliably considers: ͑i͒ relativistic effects on Ln 3ϩ , ͑ii͒ the major contributions of (LnCl 6 ) 3Ϫ electron correlation, and ͑iii͒ the classical and quantum embedding effects brought about by the Cs 2 NaYCl 6 ionic host into the (LnCl 6 ) 3Ϫ cluster. All three contributions have been taken into account in this work by using the AIMP embedded cluster Hamiltonian, which embodies relativistic and host effects in nonparametric model potentials that are obtained directly from the operators they represent, [23] [24] [25] and multireference wavefunction based methods 26 -28 that take into account electron correlation within the (LnCl 6 ) 3Ϫ unit, which have been detailed elsewhere and are referred to and summarized next.
A. Relativistic embedded cluster Hamiltonian
The relativistic and host effects on the (LnCl 6 ) 3Ϫ electronic structure are incorporated in the calculations through the following valence only, spin-free relativistic Wood-Boring 29 AIMP embedded cluster Hamiltonian for the Cs 2 NaYCl 6 :(LnCl 6 ) 3Ϫ , which has been fully described in Refs. 9 and 24:
In Eq. ͑1͒, the indices i and j refer to the N val clus valence electrons of the cluster, and refer to the N nuc clus nuclei ͑atoms͒ of the (LnCl 6 ) 3Ϫ cluster, each of them having N core core electrons and an effective nuclear charge Z eff ϭZ ϪN core . The index refers to the N ion host ions of the Cs 2 NaYCl 6 embedding host, i.e., all the ions in the doped material except the Ln 3ϩ impurity and its first coordination shell of six Cl Ϫ ions. The relativisic effects are concentrated in the terms V -core AIMP (i) of the Hamiltonian. Each of them is the oneelectron spin-free relativistic ab initio model potential, 30 which represents the effects of the core electrons of atom ͑an effective core potential͒ plus the scalar Darwin and massvelocity atomic potentials of Cowan and Griffin ͑which are variationally stable͒ 31 acting on the valence electrons. It reads,
͉. ͑2͒
The first term on the right-hand side of Eq. ͑2͒ is the core Coulomb model potential, which is produced by leastsquares fitting to the true core Coulomb potential of atom . 25 The second term is the core exchange, plus Darwin, plus mass-velocity model potential, which is produced by the spectral representation of the true operators in the space de-fined by the one-center basis set ͕͉ j ͖͘;
25 this basis set is chosen to be made of all the Gaussian primitive functions used in the embedded cluster calculation that are centered on atom . The third term is the core shifting operator of Huzinaga and Cantu 32 that prevents the valence orbitals from collapsing onto the core orbitals. It has been recently demonstrated that spin-orbit coupling does not affect structural parameters like the ones which are the goal of this work [8] [9] [10] and it is for this reason that spin-orbit terms have been omitted in the AIMP embedded cluster Hamiltonian.
The classical and quantum mechanical effects of the surrounding crystal are embodied in the AIMP embedding potential: the -sum of V -ion emb-AIMP (i) terms of the Hamiltonian. Each host ion contribution reads:
The term ϪQ /r i , represents the long-range Coulomb ͑Madelung͒ potential created by a point charge Q ͑the ionic charge͒. The next two terms of this model potential are, respectively, approximations to the short-range Coulomb potential of the full ion ͑which represents a correction of the point charge potential taking into account the spatial distribution of the electron charge density of the lattice ion͒, and to the full ion exchange operator ͑which stems from the fact that the generalized antisymmetric product of the cluster and the external ion wave functions must fulfill the first principles requirement of antisymmetry with respect to the interchange of electrons between cluster and host ion electronic groups͒. 23, 24 The last term in Eq. ͑3͒ is the full ion projection operator, which prevents the cluster wave functions from collapsing onto this particular lattice ion. 32 The ingredients of the embedding potentials are obtained by performing preparatory Hartree-Fock self-consistent embedded ions calculations on Cs 2 NaYCl 6 :X (XϭCs ϩ , Na ϩ , Y 3ϩ , and Cl Ϫ ). The corresponding atomic basis sets ( j ), occupied orbitals ( c ) and orbital energies are used to produce the AIMP representations described above, following the AIMP recipes for representation of operators ͑see Refs. 23 and 24 for further details͒.
The actual core and embedding AIMP operators used in this work are described in the next section. (t 2g , e g ). ͑Note that we will refer to the molecular orbitals by their main atomic orbital character all throughout this paper.͒ These wave functions were considered to be the zeroth order for subsequent second order perturbation theory calculations ͑CASPT2͒ 27,28 where 56ϩn valence electrons of the (LnCl 6 ) 3Ϫ clusters were correlated. These electrons occupy the molecular orbitals of main character Ln 5s, 5p, 4f , 5d and Cl 3s, 3p. The CASPT2 calculations revealed large and uniform weights (Ͼ60%) of the zeroth order reference in all states calculated at all distances and showed no signs of problems of intruder states, nor large contributions to the first order wavefunction nor to the second order energy correction which would indicate inadequacies on the choice of the complete active space used. Also, the CASPT2 potential energy surfaces were found to be continuous functions of the Ln-Cl distance.
B. The
All the CASSCFϩCASPT2 calculations were done using the relativistic spin-free AIMP embedded cluster Hamiltonian described in the preceding section. 33 The core and embedding AIMP operators, and valence basis sets used in this work are the following: For the Ln 3ϩ we used the ͓Kr,4d͔ core spin free relativistic Cowan-Griffin-WoodBoring AIMP and (14s10p9d8 f ) valence basis sets from Ref. 34 . Three Gaussian functions of g type, 3g, which were obtained by maximum radial overlap with the Ln 4 f orbitals, were used as polarization functions. The final contraction of the basis set was Ln͓6s5 p5d4d1 f ͔. For chlorine, we used the ͓Ne͔ core relativistic Cowan-Griffin-Wood-Boring AIMP and valence basis set (7s6p) of Ref. 30 augmented by 1 p diffuse function for anions, 35 and 1d polarization function, 36 the final contraction being ͓3s4 p1d͔. The (7s4 p) basis set of the second neighbor Na ϩ ions from Ref. 37 was also included on the basis set of the (LnCl 6 ) 3Ϫ clusters, contracted as ͓1s1 p͔; these so-called second-neighbor basis functions are needed to fulfill strong-orthogonality conditions with the lattice ion wave functions on crystals like the Cs 2 NaYCl 6 elpasolite where Na ϩ ions occur at near ͑100͒ sites. 24, 38 The embedding potential used to describe the interactions between the (LnCl 6 ) 3Ϫ defect clusters and their Cs 2 NaYCl 6 crystalline environment was obtained in Ref. 37 ; it has been used to study the structure and spectroscopy of transition metal ion impurities at ambient and high pressures, 37, 39 and lanthanide/actinide ion impurities. [8] [9] [10] [11] The MOLCAS-5 program system 40 was used to compute the embedded cluster wave functions and energies.
III. RESULTS
We calculated the embedded cluster energy of the ground state of the octahedral (LnCl 6 ) 3Ϫ clusters at a number of R͑Ln-Cl͒ distances using the methods described in Sec. II. These numerical potential energy surfaces were fitted to third-degree polynomials from which the equilibrium distances R e and totally symmetric vibrational frequencies, a 1g , were obtained with accuracies of Ϯ0.001 Å and Ϯ1 cm Ϫ1 , respectively ͑see Ref. 39 for additional details͒. We also optimized the geometry of the (LnCl 6 ) 3Ϫ clusters using simpler representations of the Cs 2 NaYCl 6 host crystal in order to ascertain the effects of classical and quantum mechanical interactions between the (LnCl 6 ) 3Ϫ and the host crystal. We performed calculations, which will be referred to as in vacuo calculations, using the Hamiltonian of Eq. ͑1͒ after removing the whole AIMP embedding potential:
We also performed calculations, which will be referred to as Madelung calculations, using the Hamiltonian of Eq. ͑1͒ excluding all the quantum mechanical terms of the AIMP embedding potential ͓Eq. ͑3͔͒:
The results of the bond lengths, R e , and totally symmetric vibrational frequencies, a 1g , of the (LnCl 6 ) 3Ϫ embedded clusters are presented in Tables I and II, and Figs. 1-4, and are discussed next. The host effects can be assessed and analyzed by comparing in vacuo with Madelung results ͑which shows the effects of a classical embedding͒, and Madelung with AIMP results ͑which shows the effects of quantum mechanical interactions between the cluster and its surroundings͒, at the CASSCF level described in Sec. II B. The effects of including dynamic electron correlation within the (LnCl 6 ) 3Ϫ cluster can be assessed by comparing the CASSCF and CASPT2 calculations which include the AIMP embedding.
Starting from the in vacuo results ͑see Table I and Fig.  1͒ , the embedding effects are found to reduce the bond lengths considerably: The classical Madelung embedding potential reduces the R e values by 0.09-0.06 Å; the quantum mechanical interaction terms of the AIMP embedding further reduce the bond lengths by 0.13-0.09 Å, across the series. The intracluster electron correlation adds a final, but smaller reduction that amounts to 0.06 -0.07 Å. The host effects on the lanthanide bond length contraction, illustrated by the variations of the R e (Lu) -R e (Ce) values in Table I and Fig.  1 , are found to be larger and of opposite sign than the intracluster electron correlation effects.
The results show that the local distortion produced by the Ln 3ϩ impurities, measured as the difference between the Ln-Cl and Y-Cl bond lengths, is neither negligible, nor constant across the series. We have included the local distortions relative to the crystallographic value R(Y-Cl)ϭ2.619 Å and the difference of ionic radii ͓r(Ln 3ϩ ) -r(Y 3ϩ )͔ from Refs. 41 and 42 in Table I and Fig. 2 which show a different slope and a shift of around 0.04 Å. When we refer the local distortions to the R e (Y-Cl) 2.579 Å value obtained in this work, instead, the comparison of their values and the estimations based on ionic radii reveals only a different slope across the series ͑Fig. 2͒. The difference in slope indicates that the lanthanide contraction derived from calculated bond lengths is smaller than that obtained from ionic radii. This result has already been found in previous ab initio studies of the lanthanide and actinide contraction in monohydride, monofluoride, and monooxide molecules in gas phase, and has been interpreted as due to the change in the bonding when proceeding from the first to the last element in the lanthanide series. 43 The calculated bond distances can be used to discuss the assumptions usually made when the Judd-Morrison model is used for the analysis and predictions of 4 f →5d transitions TABLE I. Ln-Cl equilibrium distance of the Cs 2 NaYCl 6 :(LnCl 6 ) 3Ϫ defects as calculated at the CASSCF ͑without dynamic electron correlation͒ and CASPT2 ͑with dynamic electron correlation͒ levels using the quantum mechanical AIMP embedding potential of the Cs 2 NaYCl 6 host. Results of CASSCF geometry optimizations corresponding to in vacuo and Madelung embeddings are also included. The local distortions relative to the Y-Cl experimental or calculated distances are also tabulated. All numbers in Å. in hosts doped with Ln ions. In effect, it is normally assumed that the bond distance between Ln and the ligands in a given host is independent of the Ln ion, so that the S factor, S ϭ ͚ i ␣ i Z i e 2 /R i 6 , which involves an electronic dependence from the ligand ͑via ␣ i ) and a structural dependence, becomes host-only dependent. Here we show that the variation of S across the whole lanthanide series in a given host can be as large as 39%. ͓In the present host, S(Ln)/S(Ce) ϭ(R e (Ce-Cl)/R e (Ln-Cl) 6 .͔ According to this, the observation that the depression of the 5d level in a given host crystal, ⌬ f d 0 Ϫ⌬ f d ϭ 2 S, appears to be the same for all the Ln 3ϩ ions within Ϯ600 cm Ϫ1 ͑Ref. 22͒ would indicate that the significant increase of S across the series is largely compensated by an also significant decrease of 2 .
We can comment now on the results of the symmetric stretching mode vibrational frequency, a 1g , for the ground state of the Cs 2 NaYCl 6 : (LnCl 6 ) 3Ϫ defects, which appear in Table II and Fig. 3 . The most notable result is that the host effects on the vibrational frequencies are much larger than the intracluster effects of electron correlation ͑see Fig. 3͒ and they produce a notable increase of the vibrational frequen- cies. It is also interesting to note that the quantum mechanical host effects are much larger than the classical Madelung effects and they are more pronounced going left in the series, from Lu to Ce. In effect, the classical Madelung embedding increases the vibrational frequencies by 23-25 cm Ϫ1 from Ce to Lu, whereas the quantum mechanical terms add a further increase of some 94-67 cm Ϫ1 . These observations can be related with the host effects on the bond lengths commented above. Altogether, the host effects on the bond lengths and vibrational frequencies and their variation across the series lead to the following conclusions: ͑i͒ host effects contribute strongly to strengthen the Ln-Cl bonding, since they produce shorter bond distances and higher vibrational frequencies of the symmetric bond stretching mode, ͑ii͒ the quantum mechanical terms of the embedding have more impact in the bonding than the Madelung terms, and ͑iii͒ the quantum mechanical interactions between the cluster and its surroundings are stronger going left in the series, from Lu to Ce, as it corresponds to the fact that the distance between the cluster ligands and the host ions becomes smaller.
Experimental data on the a 1g vibrational frequencies of the ground electronic state of Cs 2 NaYCl 6 :Ln 3ϩ crystals are only available for Ce 3ϩ and Pr 3ϩ , to our knowledge; their values have been extracted from the vibrational progressions of low temperature d -f emission spectra. 17, 19 The agreement of our theoretical results with these values ͑see Table II Fig. 4͒ , makes it reasonable to expect that the vibrational frequencies measured on the rest of Cs 2 NaLnCl 6 crystals should be smaller than those corresponding to the Cs 2 NaYCl 6 :Ln 3ϩ defect crystals across the series. Considering this, the comparison of our doped crystal results with the Cs 2 NaLnCl 6 experiments should be meaningful, and, therefore, we have included available experimental data on Cs 2 NaLnCl 6 in Table II , and Fig. 4 for comparisons. The Cs 2 NaLnCl 6 experimental data produced by Haley and Koningstein, 48 Cheng and Dorain, 49 Amberger et al., 44, 45 and Tanner et al., 46, 47 correspond to low temperature vibrational Raman; those published by Schwartz et al., 50, 51 correspond to low temperature f -f absorption and magnetic circular dichroism spectra. Altogether, they show basically two different trends across the series ͑see Fig. 4͒ : whereas the data from Amberger et al., 44, 45 and Tanner et al. 46, 47 ͑छ and ϩ in Fig. 4͒ show an increase of the a 1g values from Ce to Lu, the results of Haley and Koningstein 48 ͑ᮀ in Fig. 4͒ show decreasing values from Eu to Tm. Our results compare best with the latter: our a 1g values appear to be higher ͑as they should be, according to what has been discussed above͒ and parallel ͑from Eu to Tm͒ to those of Haley and Koningstein. 48 
IV. CONCLUSIONS
In this paper we have studied two structural properties of Ln 3ϩ impurities (LnϭCe to Lu͒ in the Cs 2 NaYCl 6 host crystal: the Ln-Cl bond length and the frequency of the (LnCl 6 ) 3Ϫ symmetric stretch. The model for the Ln-Cl interactions used takes into account relativistic effects through the use of Wood-Boring AIMP effective core potentials and bonding interactions, including 48ϩn (nϭ1 to 14͒ electron correlation, through the calculation of complete active space self-consistent-field ͑CASSCF͒ wave functions and energies followed by second order perturbation treatment ͑CASPT2͒. Totally symmetric vibrational frequencies of the Cs 2 NaYCl 6 :(LnCl 6 ) 3Ϫ defects as calculated at the CASSCF level ͑dashed lines͒ using in vacuo, Madelung, and AIMP embedding models. AIMP results which incorporate electron correlation with the CASPT2 method, are also plotted ͑solid lines͒.
the external Cs ϩ , Na ϩ , Y 3ϩ , and Cl Ϫ host ions, were modeled by the AIMP embedding operators. Simpler ͑in vacuo and Madelung͒ representations of the embedding host were also considered in order to ascertain the contribution of separate cluster-lattice interaction terms of the AIMP embedded cluster Hamiltonian to the bonding properties and their variation across the lanthanide series. The analyses of the results show that host effects, particularly those of quantum mechanical nature, strongly contribute to strengthen the Ln-Cl bonds and that the Ln-Cl bonding properties are less sensitive to the host going right in the series from Ce to Lu. The intracluster electron correlation effects on the bond lengths are significant, reduce the bond distance values, and grow from Ce to Lu, whereas they are negligible on the frequencies of the symmetric bond stretching mode. Comparison between the calculated and available experimental values of the vibrational frequencies on the doped crystals Cs 2 NaYCl 6 :Ce 3ϩ and Cs 2 NaYCl 6 :Pr 3ϩ are very satisfactory. Their comparison with available experimental values on the neat Cs 2 NaLnCl 6 crystals, which show different variations going right in the series, is also presented and discussed. An important objective of this work, namely, the calculation of the Ln-Cl bond lengths in the Cs 2 NaYCl 6 :Ln 3ϩ series, is an answer, from an independent, theoretical ground, to the concluding remarks of recent spectroscopists work: 20 The calculated bond distance values presented here should be useful to explicitly include the local distortions the Ln 3ϩ produce in the Cs 2 NaYCl 6 host in the structural factor of the Judd-Morrison model for 4 f →5d transitions.
